Different starchy foods produce different glycemic responses when fed individually, and there is some evidence that this also applies in the context of the mixed meal. A major reason appears to relate to the rate at which the foods are digested and the factors influencing this. A similar ranking in terms of glycemic response to specific foods is seen independent of the carbohydrate tolerance status of the groups tested. Potentially clinically useful starchy foods producing relatively flat glycemic responses have been identified. Many of these are considered ethnic or traditional and include legumes; pasta; grains such as barley, parboiled rice, and bulgur (cracked wheat); and whole-grain breads such as pumpernickel. Specific incorporation of these foods into diets has been associated with reductions in low-density lipoprotein cholesterol and triglyceride levels in hyperlipidemia and with improved blood glucose control in insulin-dependent diabetic patients. To facilitate identification of such foods, it has been suggested that the glycemic response should be indexed to a standard (e.g., white bread) to allow comparisons to be made between the glycemic index of foods tested in different groups of subjects. The scope of application of this principle is subject to further investigation. It may be used to expand the range of possibly useful starchy foods for trial in the diets of diabetic patients. Diabetes Care 11:149-59, 1988
D
ifferent carbohydrate foods produce different glycemic responses despite an apparent lack of difference in macronutrient composition (1, 2) . The classification of carbohydrate foods was first put on a systematic basis by Otto and colleagues (3, 4) , who, after testing foods, allowed carbohydrate incorporation into the diabetic diet in proportion to the glycemic response they produced. In this way the glycemic impact of the diet could be kept constant regardless of the variety of carbohydrate foods used (3, 4) .
Later studies by Crapo and colleagues (5) (6) (7) (8) focused on the differences between starchy foods of similar macronutrient composition. Differences in both glucose and insulin responses were observed, and it was postulated that possible differences in rates of digestion of the foods were responsible. These differences in rates of digestion of starchy foods were subsequently confirmed ( Fig. 1) and related to the glycemic responses observed in both normal and diabetic individuals (9, 10) .
From the beginning of the 1980s, many tests of single foods (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) and mixed meals (24,29-35) have been undertaken in both normal and diabetic subjects. However, because of a lack of standardization of methods of data presentation, the results of different studies were not always directly comparable. In 1981, the concept of the glycemic index (Gl) was proposed as a method of assessing and classifying the glycemic response to carbohydrate foods (11) . It was hoped that this would allow foods to be compared more readily. It would also allow the experience of different investigators to be pooled by indexing the foods tested to a common standard. Initially, glucose was used, but this proved to be less acceptable for routine use than white bread of known composition. The Gl was therefore defined as incremental blood glucose area after food corresponding area after equicarbohydrate portion of white bread By applying this approach to data from different groups of subjects and different centers (12) , it has been possible to begin to classify a substantial number of foods in terms of their glycemic responses ( Table 1 ).
Foods that have been shown to have low glycemic responses include whole-grain (as opposed to whole meal) cereals (15) , pasta (17, 36) , and legumes (13, 21, 37) . It was suggested that inclusion of such foods in the diets of patients with diabetes might aid dietary management by improving diabetes control.
OBJECTIONS TO GLYCEMIC INDEX
Objections to the Gl concept were raised early (38) and have not been resolved (34,39). These objections have resulted in a statement from the recent NIH consensus conference on diet and exercise in non-insulin-dependent diabetes (NIDDM) that recommended against the use of Gl in the dietary management of diabetes (40) . The concern revolves around 3 major issues: 7) large individual variation in responses, 2) lack of agreement among different centers, and 3) lack of difference between mixed meals. In addition, it has been pointed out that there are no studies showing long-term benefits of low-GI foods (38, 40) . For these reasons it has been maintained that the Gl has no clinical utility (34, [38] [39] [40] . Individual variation in glycemic responses. There are large differences among individuals with respect to the absolute level of blood glucose achieved after meals. Factors that have been suggested to influence this include the presence and type of diabetes (38, 41, 42) , age, sex, body weight, and race (40) . It has therefore been stated that glycemic responses to foods should be tested in the specific group for which recommendations are made (38) . However, when considering the relative glycemic effects of different foods, i.e., the glycemic index, there is in fact some evidence for agreement among different groups (Table 1) .
Early studies with four starchy foods (bread, potato, rice, and corn) demonstrated the same order of ranking of the glycemic and insulin responses when these foods were tested in nondiabetic compared with diabetic volunteers (6, 8) . Since then, several studies have shown similarities in the ranking of responses to a wide range of foods tested in nondiabetic, NIDDM (13) , and insulin-dependent diabetic (IDDM; 15-1 7) subjects. On the other hand, many studies do not agree (Table 1) .
More recently, it has been maintained that consideration of average glycemic responses is inadequate because they may conceal large differences in response in different individuals (39) . This objection would be of major clinical importance if the variability in response between patients was such that certain individuals consistently failed to show the expected differences in glycemic responses between foods. The prescription of a diet containing foods of lower Gl would certainly not result in lower postprandial blood glucose responses throughout the day. Unless these individuals could be readily identified, the clinical application of Gl data would indeed be limited and inappropriate if the number of patients who failed to show a consistent response was large. In view of the substantial coefficient of variation often seen in the GI to single foods, this negative outcome is a real possibility.
We have therefore examined the individual data that formed the basis for recently published papers. In these studies several low-GI foods were taken by different diabetic patients (Table 2; 15, 16) . Such a range of foods might be exchanged for foods of higher Gl in the diets of diabetic patients. We therefore considered it clinically relevant to determine whether the overall response to Significant difference from 100 given where >3 mean values are available.
these foods was consistent for each individual (i.e., for those foods, we believe the Gl concept can be apwhether for each patient the mean value for the low-GI plied to individual diets composed of many foods, foods was significantly below that of bread, a higher Gl Lack of agreement between different centers. Disfood). For each subject, the mean Gl of the foods was similarities have been observed between the glycemic significantly below that of bread despite the wide vari-responses to certain foods tested in different centers, ation in individual responses to a given food. It cannot notably potato and rice (5) (6) (7) (8) 11, 13) . However, closer be inferred from these data whether certain individuals examination of the foods reveals that the center with consistently show lesser changes in Gl than others. It is the consistently higher glycemic response to potato also not apparent to what extent the differences from fed a 317-g baked russet potato (6, 8) , whereas the centhe expected values are due to intraindividual variabil-ter with the consistently lower response fed a 273-g boiled ity; i.e., had each individual repeated each test on sev-new potato (11, 13) . The difference in weight fed, due eral occasions, the mean would probably more closely to the use of different food tables, accounts for part of approximate the expected Gl value (23; unpublished the difference in glycemic response. There may also be observations). Nevertheless, because each diabetic vol-true but unidentified differences between the more powunteer demonstrated a mean Gl value for the foods tested dery russet potato and the glutinous new potato. Exthat was similar to or below the predicted mean Gl value amination of the types of rice fed indicate that the center 
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with the lower response (5-8) fed parboiled rice, whereas the higher result was obtained in a center that fed regular rice (11, 13) . Subsequent testing has demonstrated that parboiled cereals, whether rice (16) or wheat (15) , are notable in resulting in relatively flat blood glucose profiles. Such differences are not simply due to lack of reproducibility but represent true differences in physiologic effects between foods that previously were considered the same. Other differences have also been reported with respect to rice. Varieties of long-grain rice may be higher in amylose starch and consequently give a flatter blood glucose response than the more amylopectin-rich short-grain varieties (44) .
In addition, the ripeness of fruits will determine their sugar content, a factor shown to be especially important in the case of bananas (45) . Cooking will enhance the degree of gelatinization of starch (46) and hence the degree to which it raises the blood glucose (47) . These and many other food-related factors determining postprandial glycemia and insulin response are emerging (48) .
Substances such as phytates (49, 50) and lectins (51) and indeed the dietary fiber content (52) are all known to influence glycemic response and are altered by different growing conditions (53) . Finally, the absolute amounts fed by different investigators may depend on the food tables used or whether a direct analysis was performed. If so, the method used to determine dietary fiber content will influence the available carbohydrate content. To some, the field might appear to be too variable to allow meaningful interpretation. An alternative view would be that much knowledge is being acquired that will change our perception of food systems but will allow predictions to be made based on knowledge of physiologic responses to foods. A surprising fact is that, despite all these unknowns, there is a broad measure of agreement on the relative glycemic effect of many carbohydrate foods tested in different centers ( Table 1) meal, differences in glycemic responses between the foods are abolished. Several studies fail to show any difference in glycemic response to mixed meals (33,34,54,55). With the first study to apply Gl in this situation (Fig. 2) , a major problem in interpretation was the use of total rather than incremental areas for comparison of postprandial responses (56) . The suggestion that clinically there may be no great advantage from using the Gl to achieve a modest reduction in postprandial glycemia when the fasting blood glucose value is grossly elevated is uncontested. The primary concern must be the reduction of the fasting blood glucose level. However, if Gl is to be used to rank the postprandial glucose responses to different meals, then the method of assessment would seem important. The fasting blood glucose is not influenced by the subsequent meal. However, if the total blood glucose area is chosen, a large variation in starting value could obscure differences between meal responses when expressed as absolute postprandial levels. The Gl classification has therefore been based on incremental responses. Similar treatment should be given if Gl is to be used to predict the mixed-meal response.
In addition, if absolute values are used to calculate 
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Gl, then the higher the fasting blood glucose value, the smaller the contribution of the postprandial response to total glycemia. This can be demonstrated by analyzing data from a different study. Figure 3 illustrates both the absolute (top) and incremental {bottom) glycemic responses of 15 NIDDM subjects who ate meals of bread, rice, spaghetti, and barley to which the same amount of fat and protein as cheddar cheese had been added (57) . The incremental areas for rice, spaghetti, and barley were 23, 44, and 59% less, respectively, than that for bread, whereas the total areas for these meals were only 2, 19, and 25% less than that of bread. These reduced figures further diminished the chance of a relationship between the Gl for single foods and mixed meals (39) . Furthermore, we consider it important that the foods tested in a mixed meal should also have been tested singly before conclusions are drawn relating to the validity of applying the Gl in this situation. Where this has been done, a degree of predictability has been found ( Fig. 4; 58) .
There are at least five other published studies that have examined the effects of mixed meals (32,33, 35,59,60). Only two of these are generally quoted (39) . In one, it was concluded that the glycemic responses to the meals "were similar except for one meal" (33). The different meal (meal B) had a significantly greater glycemic response than two of the other meals (meals A and C), as predicted by the Gl of meal B, and was 21 and 27 Gl units greater than meals A and C (23). In addition, although Bantleetal. (32) concluded that fructose-containing meals were not always lower than those containing other carbohydrates, they were able to demonstrate a significant difference in NIDDM subjects (who are less variable than IDDM subjects) (23). In a later study by this group, small but significant differences between meals of differing predicted glycemic effect were found in normal subjects, but they were not seen in NIDDM subjects (54) .
Three less-known studies show good predictive ability with Gl. Parillo et al. (59) found the expected difference between bread and spaghetti when incorporated into a mixed meal (Fig. 5) . Slama et al. (60, 61) also found that blood glucose and insulin responses for different foods in a mixed meal ranked as expected. Finally, Collier et al. (35) fed five different mixed meals to NIDDM subjects (Fig. 6) . These resulted in a range of differences of almost 100 mg/dl in postprandial blood glucose levels. The close correlation between the expected Gl of the meals and the observed glycemic responses was probably a reflection of the fact that the foods fed had been tested previously and were known to have glycemic responses equivalent to their published Gl values (Fig. 7) . Therefore, before concluding that differences in glycemic response to individual foods are lost when they are combined in a mixed meal, it appears important to pretest the individual carbohydrate components of the mixed meal.
EFFECTS OF DIETARY CHANGE
Only two studies have been published of the effect of incorporating carbohydrate foods that cause relatively low rises in blood glucose into the diet. In one, diabetic children reduced the glycemic impact of their diets for 6 wk by eating carbohydrate foods known to raise blood glucose minimally instead of more conventional carbohydrate foods (67) . This change resulted in improved glucose tolerance and a fall in serum cholesterol after a standard meal. Although no significant fall was seen in HbA 1c levels, there was a significant fall in glycosylated albumin, probably due to the much shorter half-life of this protein, which makes it a more suitable marker for relatively short dietary studies (63) . In the second study the same dietary maneuver was undertaken by a group of hypertriglyceridemic, predominately glucose-intol- erant individuals over 1-mo periods (14) . This dietary exchange was accompanied by falls in serum triglyceride and total and low-density lipoprotein cholesterol levels. In these studies, there were small to modest increases in dietary fiber, which seemed unlikely to provide the whole explanation. FIG. 5. Mean ± SE blood glucose increments of 7 diabetic subjects fed mixed meals containing white bread (O), new potato (•), or spaghetti (•) as major carbohydrate source (59). *P < .05, **P < .025, ***P < .01 vs. spaghetti.
The conclusion is supported by some of the most successful dietary studies to show improvement in glucose control in diabetic patients (64-69) or reductions in blood lipids in hyperlipidemic individuals (66, 70) . Although the thrust of such studies was to increase fiber intake, it was achieved with foods with a lesser impact on blood glucose than many of the foods they displaced. Dietaryfiber studies where this has not been the case have re- suited in much lesser benefits (71-75), and the benefits seen in lipid and carbohydrate metabolism may have been largely attributable to the accompanying reduction in the proportion of fat in the diet.
UNANSWERED QUESTIONS
The major question that still remains is: what clinical gains can be expected through tighter control of postprandial glycemic excursions? This can be resolved by dietary trials where low-GI foods are fed. However, if these trials are to be undertaken with the necessary degree of compliance, then an expanded list of classified foods is required. Gl studies have drawn attention to the agreement and disagreement between investigators in terms of the blood glucose responses observed after both single foods and mixed meals. The similarities provide hope that a system of classification, if comprehensive, may be feasible, useful as an adjunct to food tables in designing therapeutic diets, and a stimulus to studies of mechanism. The disagreements indicate there is much more to learn in terms of processing and the effect of food components and food form on physiological processes (e.g., digestion, transit time, endocrine responses) before the most effective use can be made of the knowledge.
The Gl approach to classification has also highlighted the urgent need for uniform food tables giving true available or absorbable carbohydrate (starch and sugars) and dietary fiber separately so that known amounts of carbohydrate are fed. Different portion sizes are used by different investigators, and differences in results may simply be due to the amounts of food fed.
APPLICATION OF GLYCEMIC INDEX
Strict application of Gl exchange principles is only possible in a research setting, where the Gl of diets may be calculated (23,56). After standard dietary advice, the control or "normal" diet for most diabetic and hyperlipidemic patients has a Gl of 85-90 (14,63,76) (white bread = 100). This may be reduced by a mean 11-13 (14,62) . These changes are not large numerically but require a considerable change in the nature of the carbohydrate foods eaten (Fig. 8) . Thus, lower-GI foods such as pumpernickel bread will be increased from virtually nonexistent levels, and regular wheat breads will be substantially reduced (Fig. 8) 
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of Gl data by selecting foods to incorporate into patients' diets that have the desired nutritional profile, complying with current guidelines, and yet have a lower glycemic impact. Many of these are traditional or ethnic foods, e.g., pasta, lentils, beans, parboiled rice, barley, bulgur, and pumpernickel bread, which, rather than constricting the patients' eating habits, may in effect introduce the patients to new foods. Current recommendations by several agencies concerned with health (including heart foundations and cancer institutes in addition to diabetes associations) support the increased use of carbohydrate foods. Over the last decade, the overall aim has been to reduce consumption of saturated fat, which is implicated in raising serum cholesterol levels, and total dietary fat, which is associated epidemiologically with colon and breast tumors. It has not been suggested that the increased carbohydrate that replaces fat should come from sugars. Nevertheless sugar may not raise the blood glucose more than many starchy foods (32), and fructose substitution actually results in significantly flatter postprandial glucose responses (77). Therefore, modest amounts of sugars may be used as sweeteners. However, their use as a source of calories is still a matter of debate. There is concern that in susceptible individuals, fructose may raise serum triglyceride levels (78,79). Furthermore, when sucrose replaces starch in diets higher in saturated fats or very high in carbohydrate, it may increase the levels of both cholesterol and triglyceride (80,81). Thus, despite the fact that high fat or fructosecontaining foods may cause relatively flat blood glucose responses, they cannot be recommended solely on the basis of their lower acute glycemic response. The Gl classification may therefore be most appropriately used to rank starchy foods. These starchy foods would already have been chosen for possible inclusion in the diet on the basis of their nutritional attributes. In this setting the Gl would allow selection of foods that have the added advantage of producing lower postprandial glycemic excursions. 
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